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Abstract—Quenches were simulated for a long solenoid 

composed of five separately powered coils.  Two coils, at one end 
of the magnet, are separately powered by 300-A power supplies, 
so that the uniform field section of the magnet is matched to the 
rest of a physics experiment.  The three coils in the uniform field 
end are connected in series and are powered by a single 300-A 
power supply.  The two end coils of the three-coil set use separate 
60-A power supplies to trim the uniform field.  Quench back 
from the 6061-Al mandrel is an important part of the quench 
protection for the three-coil section.  Quench propagation from 
one separately powered coil to the next was simulated by using 
the Opera3D program of the Vector Fields. Low current quench 
simulations showed that some coils carry currents for a long time 
before quenching.  Since the magnet doesn’t quench all at once, 
there can be unbalanced forces developed in the coils and the 
thermal shield. 
  

Index Terms—Superconducting Magnet, OPERA-3D, Quench, 
Eddy current 
 

I. INTRODUCTION 
 wo superconducting solenoids were designed to produce a 
uniform solenoidal magnetic field (ΔB/B < 0.003) within 

0.4-m diameter warm bore. The good field region is 1.0-m 
long and 0.3-m in diameter [1].  Fig. 1 shows the physical 
structure of this long solenoid. The uniform field region is 
occupied by five planes of scintillating fiber detector that 
measure the position in 3D space of π+, π-, µ+, µ-, e+ and e- as 
they spiral around in the solenoid field.  A uniform field from 
2.8 to 4.0 T (both polarities) is generated by a triplet coil set 
consisting of a single 1.3-m long center solenoid and two 
0.06-m long end coils that shape the field [2].  The uniform 
field section is matched to the rest of the experiment by two 
coils M1 and M2 that that can produce a maximum induction 
of 2.5 T (both polarities) on axis.  The relevant physical 
parameters of the five coils are given in Table I  [3], [4].  The 
magnet and its shields are cooled by five two-stage 4.2 K 
coolers [5], [6].  The electrical diagram for the magnet is 
shown in Fig. 2.  Cold diodes and a resistor are across each 
coil [7]. The triplet coil set and the two match-coils are 
powered by three single-polarity 300-A power supplies.  There 
is a dump circuit across each of the powered sections. 
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Fig. 1: Cold mass cross section of the long five-coil solenoid magnet 

TABLE I.  PARAMETERS OF EACH COIL 

Parameter M1 M2 E1 C E2 

Number of turns/layer 120 119 66 784 62 
Number of layers 42 28 56 20 66 
Inner radius (mm) 258 258 258 258 258 
Outer radius (mm) 303 288 318 279 324 
Axial coil length (mm) 201 199 111 1314 111 
Self-Inductance (H) 12.0 5.0 9.0* 39.9* 11.3* 
* The self-inductance of coils E1, C, and E2 hooked in series is 74 H.   
 

 
Fig. 2: Electrical connections of the five-coil solenoid magnet 

At a current of 275 A, the five individual coils have a stored 
energy in the range from 0.19 MJ to 1.51 MJ.  The 1.3-m long 
center coil (C) for the uniform field section has the largest 
stored energy.  When coils E1, C, and E2 are connected in 
series, the total stored energy at 275 A is 2.8 MJ.  The two end 
coils and the center coil are protected using four sets of back-
to-back diodes and 0.02-ohm resistors.  The center coil C is 
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sub-divided radially into two sub-sections C1 and C2.  Each 
section of the center coil has diodes and a resistor across it.   

Since the coils are distributed longitudinally, the quench 
propagation spreads sequentially from one coil to the next by 
thermal diffusion with quench-back. Unlike the quenches in 
the short coils, a quench in the long solenoid C is greatly 
speeded up by quench-back from the 6061-Al mandrel [8]. A 
quench in one coil will quench the whole magnet [9].  

The magnet cold mass is 2.544 m long with a cold bore of 
0.49 m. With the coils spaced along the length and a high 
stored energy, the quenches in the coils do not happen all at 
once. As a result, the quench propagation from one end of the 
magnet to the other end is an important design consideration.  
This paper describes the quench propagations and effects of an 
unbalanced quench. The results reported were calculated using 
the Opera3D finite element quench program.  

II. QUENCH SIMULATIONS 

A. Computation model 
A 3D finite element quench model considering both the 

subdivision and quench-back was created in the Opera3D 
program. The model is capable of combining the 3D transient 
magnetic field calculation (ELEKTRA) into the 3D thermal 
calculation (TEMPO). The transient magnetic field was 
updated by ELEKTRA at each time step and shifted to the 
thermal model, in which the Joule heat generation and 
transient temperature distribution were evaluated. Eddy 
currents in the bobbin were solved for each time step. This 
enabled the computation of the quench-back effect in the 
model. 

A diode forward voltage of 4.5 K of 8 V was initially 
assumed in the model. Once the quench protection circuit 
conducts, the forward voltage was set to drop to 1.6 V, 
because of diode heating. The voltage across the coil that 
originated quench was used to disconnect the power supplies.  

B. Quench starts from the center coil at 265 A 
Coil C is the longest coil in the magnet.  It is possible that a 

quench can start in this coil. In Fig. 3, a heat was applied in 
the inside center of the inner layer of the inner section C1.  

   

 
Fig. 3: Current decay after the quench started in the center of C1 at 265 A 

Currents in all coils shown in Fig. 3 dropped to zero in 10 s. 
The M1 coil, which is the furthest one from the center coil, 
started to quench 3 s after the quench started in the center coil. 
Because the center coil is long, quench–back plays a dominant 
role in the center coil quench propagation [8]. 
 

 
Fig. 4: The adiabatic hot spot temperature after the quench started in the 
center of coil C1 at 265 A 
 

The hot spot temperature of all coils shown in Fig. 4 for the 
Fig. 3 case. The maximum hot spot temperature is ~100 K. 
The center coil took ~1.5 s to become fully normal because of 
quench back. The maximum mandrel temperature is  ~70 K.  

C.  Quench starts from E2 coil at 265 A 
The highest field in the magnet is located in coil E2 coil on 

the end of the magnet assembly. At high operating currents, 
this coil produces the largest lateral force compared to the 
other coils. Quenches are most likely to occur in the E2 coil.  

 

 
Fig. 5: Current decay after the quench started in E2 at 265 A 

As part of the triplet coil set, the E2 coil strongly couples 
with the center coil and the E1 coil. The magnet quench took  
~3.8 s to get to the M1 coil at the other end of the magnet (see 
Fig 5).  The current decay time constant is ~ 4 s. 

The maximum hot spot temperature of 116 K is in both 
center coils due its large stored energy and its longer 
propagation time compared to the other coils even with 
quench back  (see Fig. 6).  In this case, the quench propagated 
along the center coil longer before quench back took over.  
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Fig. 6: Hot spot temperature after the quench started in E2 at 265 A 

Fig. 7 shows the quench propagation through the entire 
solenoid from the E2 end to the M1 of the magnet. The 
quenches in the entire solenoid do not happen all at once. Heat 
generated in the E2 coil spreads to the center coil by heat 
diffusion.  Once the center coil starts to quench, quench back 
occurs relatively quickly (in ~1.0 s) [9]. Without quench back, 
the quench propagation in the long solenoid would be ~7 s.  
The G10 spacers between coils and bobbin slow down quench 
propagation and quench-back.  Different operating currents in 
each coil can also change the propagation rate along the 
magnet. In general, the adiabatic hot spot temperature in a coil 
is a function of the integral i2dt.  Coils with lower currents will 
have lower adiabatic hot-spot temperatures.  

  
Fig. 7: Quench propagation along the magnet as a function of time after the quench started in coil E2 at 265 A.  Quench back in the center coil is clearly seen.  

D. Quenches at lower currents 
A lower current reduces the coil stored-energy, but it also 

increases quench decay time constant in the coils. To verify 
this assertion, simulations were carried out at two lower 
currents. In these two cases, a quench was initiated at 200 A 
and 150 A.  

The quench propagated from E2 to M1 in 6.2 s at quench 
current of 200 A, and in 8.3 s at the quench current of 150 A 
(see Fig. 8 and Fig. 9). At 200 A, the current decay time 
constant is ~5 s, and at 150 A, the decay time constant is ~7 s.   

Low current quenches are safe for the coils, but things 
become complicated for the diodes and resistors. When a 
quench occurs in any coil, the power supply is disconnected.  
Currents will flow through the quench protection circuits for 
all coils even when other coils have not quenched. This means 
the current will flow longer in some diodes and resistors than 
others. Much of the helium cooling is lost early in a quench.  
There is conduction cooling to the cold mass.  However, the 
diode and resistor integral of i2dt is lower at the lower 
currents, so the adiabatic heating is less.  

 
 

Figure 8: Current decay after the quench started in E2 at 200 A 
 

The quench voltages were not calculated, because the total 
stored energy per coil is quite low.  The worst-case voltage is 
<900 V to ground [10].  The actual voltages are much lower 
depending on the quench model used for the calculation [11]. 
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Figure 9: Current decay after the quench started in E2 at 150 A 

III. UNBALANCED FORCES ON THE THERMAL SHIELDS 
The unbalanced quench produces significant eddy currents 

in the mandrel, the helium vessel, the shield and the cryostat 
vacuum vessel.  There can be a large lateral force on the 
mandrel and the shields [12].  

Fig. 10 shows the lateral forces on four parts of an 1100-O 
aluminum shield as the quench propagated from one magnet 
end to the other at 265 A. The net shield lateral force can be as 
high as 160 kN without any slits in the shield.  

  

 
Fig. 10: Lateral forces on each part of 1100-O shield without slits.  The 
overall lateral force on shields without slits is shown in small window. 

This magnet shield is cooled using the first stage of five 
two-stage coolers.  The magnet originally had a 6061-T6 Al 
shield without slits.  The shield material had to be changed 
from 6061-T6 Al to 1100-O Al to reduce the peak shield 
temperature from 90 to <55 K.  The resistivity of 1100-O Al is 
lower by an order of magnitude at 50 K.  As a result, the 
shield needed to have slits to reduce the magnitude of the 
quench eddy currents and the magnetic forces.  

Fig. 11 shows the reduced forces in each part of shields. 
The forces in each part have been reduced by 80 to 90 percent 
after the modification. It appears that the cuts reduced most of 
the forces in endplates and the outer cylinder.  The resultant 
peak force in inner bore is around 6 kN, and the peak value of 
the overall lateral force is 19 kN. 

 
Fig. 11: Lateral forces on each part of the 1100 Al shield after slitting. 

IV. CONCLUSION 
The unbalanced quench was analyzed at different coil 

locations and different coil currents. The results show that the 
quench propagation along the magnet relies almost entirely on 
thermal diffusion. The quench of the center coil is speeded up 
by quench-back from the mandrel. A quench initiated at E2 
end of the magnet is the worst case because of a longer quench 
propagation time. A low current quench has a longer decay 
time, but the hot spot temperature will be lower. A low current 
quench does not warm the diodes and resistors more than high 
current quench in this solenoid. The forces induced by eddy 
current in the shields for this solenoid have been analyzed.  
Changing the shield material from 6061-T6 Al to 1100-O Al 
introduced large eddy currents and lateral forces in the shield.  
Slitting the shield reduces the lateral forces significantly.  
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